Abstract ZnO nanorods have been grown by two inexpensive, solution-based, low-temperature methods: hydrothermal growth and electrodeposition. Heterojunction n-ZnO nanorods/p-GaN light-emitting diodes have been studied for different nanorod growth methods and different preparation of the seed layer. We demonstrate that both the nanorod properties and the device performance are strongly dependent on the growth method and seed layer. All the devices exhibit light emission under both forward and reverse bias, and the emission spectra can be tuned by ZnO nanorod deposition conditions. Electrodeposition of rods or a seed layer results in yellow emission, while conventional hydrothermal growth results in violet emission.
Introduction
Among various candidates for the development of shortwavelength light-emitting diodes (LEDs), ZnO and GaN are among the most promising ones due to their wide direct band gaps and relatively small lattice mismatch. In addition, ZnO nanomaterials have the important advantage that they can be fabricated using a variety of methods, and their morphology and optical properties can be varied over a wide range [1] . Consequently, various LEDs based on p-GaN/n-ZnO heterojunctions have been reported recently . These include devices based on different ZnO morphologies, such as films [4, 5, 7-10, 12, 16-19] and nanowires [2, 3, 6, 11, 13-15, 20, 21] . While p-GaN/n-ZnO heterojunctions can be fabricated both with thin films and nanowires, nanorods/nanowires are expected to have higher efficiency [3, 11] .
Devices based on ZnO nanorods/nanowires included both ZnO grown by vapor deposition [2, 6, 11, [13] [14] [15] and solution-based techniques [3, 20, 21] . Vapor-deposited ZnO nanostructures are expected to have better crystal quality compared to those prepared by solution-based techniques [1] . However, solution-based growth has important advantages of being a low-cost, low-temperature, simple process [3] . Both devices based on vapor-deposited [2] and hydrothermally grown [3] ZnO nanowires exhibited lightemission visible to the naked eye at ∼10 V, but the emission colors (blue [2] and violet and green [3] ) were quite different. In general, a variety of emission colors (different combinations of UV, violet, blue, green, and yellow emission peaks) have been reported in the literature for ZnO-based LEDs . Furthermore, in addition to devices lighting up under forward bias [2, 3] , emission under reverse bias only [13] , and both forward and reverse bias [18] [19] [20] have been reported. Thus, due to large differences in the reported performances for p-GaN/n-ZnO-based devices, there is considerable interest in studying their performance, in particular in the case of ZnO fabricated by low-cost, low-temperature methods.
We have recently found that the performance of p-GaN/nZnO nanorod devices with hydrothermally grown nanorods is strongly dependent on the nanorod properties, as well as the properties of p-GaN substrate [20] . The properties of the nanorods have been varied by annealing [20] , and it was established that different emission colors likely originate from differences in energy band alignment across GaN/ZnO interface. Since the solution-based growth methods for nanorods typically include seed layer for nanorod nucleation which is located at the interface [20] , the properties of seed layer could have significant effect on the device performance. Furthermore, since nanorods could also be grown without a seed layer on a substrate with relatively small lattice mismatch such as GaN, it is also necessary to consider the growth without a seed layer.
It has been previously shown that the type of seed layer affects the morphology and alignment, as well as optical and electronic properties of the ZnO nanorods [25] [26] [27] . For vapor-deposited ZnO nanorods, the seed layer affected the I-V curves and turn-on voltages, but not the emission spectra [23] . However, the effect of the seed layer on the performance of LEDs with solution-based growth of nanorods has not been investigated.
The defects and interface states could also be affected by the presence of a seed layer and/or its method of preparation. The seed layer is expected to have a significant effect, not only due to the change of the nanorod properties, but also due to differences in GaN/ZnO interface quality. The interface quality significantly affects GaN/ZnO heterojunctions [6] , therefore defects and interface states are expected to have a significant effect on the energy level alignment, carrier injection and recombination at the interface, and consequently the device performance. It has been proposed that energy band alignment in GaN film/ZnO film and GaN film/ZnO nanowire structures is different and that in case of nanowires there is a lower interfacial defect density [6] .
Thus, we have investigated the performance of ZnOGaN LED for different fabrication methods. We studied devices with ZnO nanorods grown directly by electrodeposition without a seed layer (ED sample), ZnO rods grown by a hydrothermal method on an electrodeposited seed layer (ED-HT sample) and ZnO rods grown by a hydrothermal method on a seed layer deposited from zinc acetate solution (AD-HT sample). Light emission was observed under both forward and reverse bias in all devices, but the emission spectra, I-V and C-V curves exhibited significant differences. Under reverse bias, light emission was visible by a naked eye at bias voltages as low as 4-6 V.
Experimental

Nanorod fabrication
In all cases, ZnO nanorods were grown on p-GaN layer deposited on sapphire substrates using metal organic chemical vapor deposition (MOCVD). 680 nm of Mg:GaN p-type layer was deposited on top of structure consisting of 500 nm highly resistive Mg:GaN/2.2 µm undoped GaN layer/30 nm GaN nucleation layer/sapphire substrate. The samples were activated by annealing in nitrogen at 825°C. After activation, hole concentration determined by Hall measurement was ∼2 × 10 17 cm −3 . For electrodeposited rods, the synthesis solution was composed of 3.8 mM (0.034 g) zinc nitrate hydrate (Zn(NO 3 ) 2 ·xH 2 O, 99.999%, Aldrich) and 6 mM (0.025 g) hexamethylenetetramine (HMT, C 6 H 12 N 4 , 99%, Aldrich) in deionized water (30 ml), and the two electrode deposition setup was employed. A platinum foil was used as the anode, while the p-GaN was used as the cathode. The solution was heated up to 80°C, and then voltage of 10 V was applied, and both temperature and voltage were maintained constant for 30 min. deposition time.
For hydrothermally grown rods [25] [26] [27] [28] [29] [30] , two types of seed layer, one electrodeposited and one derived from zinc acetate solution, were used. For ED seed, 40 mM (0.24 g) Zn(NO 3 ) 2 ·xH 2 O and 16 mM (0.045 g) HMT solution in ethanol:deionized water (1:1, 10 ml each) was heated up to 85°C . Zinc foil was the anode, p-GaN was the cathode, and the deposition was performed for 1 min at a voltage of 1 V. Acetate-derived seed was prepared using ethanol solution of zinc acetate [25, 26] (6 cycles of placing solution droplets, rinsing and drying, followed by annealing at 350°C for 20 min, and then entire procedure was repeated to ensure complete coverage of the substrate). After the seed layer preparation, in both cases the substrate was transferred to the solution for hydrothermal growth, which was 25 mM solution of zinc nitrate hydrate (0.56 g) and HMT (0.26 g) in deionized water (75 ml) with the addition of 0.1 g polyethylenimine (PEI, 50 wt.%). The temperature was set to 90°C and the reaction time was 2.5 hours.
Nanorod characterization
The morphology of the nanorods was examined using a JEOL JSM-7001F SEM. For photoluminescence measurements, a HeCd laser (wavelength 325 nm) was used as an excitation source and the spectra were collected using a PDA-512_USB (Control Development Inc.) fiberoptic spectrometer. The PL spectra of the GaN/ZnO heterojunctions were measured from the top (ZnO side). The PL spectra of bare p-GaN substrates were measured both from the top (p-GaN) and back (sapphire) sides of the substrate. Since the PL spectra of heterojunctions are dominated by p-GaN emission, ZnO samples were also prepared on indium tin oxide/quartz substrates for PL measurements of ZnO only.
Device fabrication and characterization
The LED and C-V measurement device structure was Au (70 nm)/Ni (30 nm)/GaN/ZnO nanorods + spin-on-glass (SOG, Futurex, Inc.)/Ag (200 nm). SOG solution was spincoated at 3000 rpm for 40 s, followed by annealing at 200°C for 1 min. The spinning conditions have been optimized to ensure minimum SOG coverage at the top of the nanorods, by varying the spinning conditions and observing the resulting samples by SEM and measuring their I-V curves. Furthermore, the SOG solution should be fresh since the solvent evaporates over storage time and thus concentration increases, resulting in a thick SOG layer. It should be noted that the specified spin-coating condition has been optimized for substrate size of ∼1 cm × 1.5 cm. Different substrate sizes, quantity of dispensed liquid, etc. may result in differences in SOG coverage on the nanorods, and thus spincoating conditions should be carefully calibrated for the substrate and spin-coater used. The function of the SOG layer is to fill the space between the rods and prevent direct contact of the top electrode and p-GaN layer. Different insulating layers can be used for this purpose, such as poly(methyl methacrylate) [2, 3] and photoresist [13] . All the electrodes were evaporated in high vacuum through a shadow mask (1 mm radius) using a thermal evaporator AST PEVA 500 EL. Ni/Au contact has been used as a contact for p-GaN (and verified to form an ohmic contact with p-GaN, i.e. linear I-V curves are obtained). Ag has been used as an ohmic contact for ZnO nanorods, and linear I-V curves are also obtained for Ag/ZnO nanorods+SOG/Ag structure. EL measurements were performed using a Keithley 2400 source meter to provide fixed voltage bias, and the emission spectra were collected using a monochromator (Acton SpectraPro 500i) with Peltier-cooled photomultiplier detector (Hamamatsu R636-10). C-V measurements were performed using a HP 4275A Multi-frequency LCR meter at a frequency of 1 MHz. Figure 1 shows SEM images of the nanorods grown by different solution-based procedures. Both AD and ED seed layers result in very thin (<50 nm) islands on the substrate, which can then serve as nucleation centers for the nanorod growth by hydrothermal method. The seed layer had a significant effect on the density of the rods. AD seed layer results in dense coverage of nanorods across entire substrate, while for both ED and ED-HT samples, nanorods are less dense and some variations in the density from one area to another are observed. In all cases, the rods exhibit good alignment perpendicular to the substrate. It has been shown previously that the seed layer affects the alignment of the nanorods [26, 27, 29, 30] , and the nanorod size is affected by the grain size in the seed layer/deposition conditions for the seed layer [27, 29, 30] . However, in addition to the rod density, the seed layer and the rod growth method affect the rod shape. While majority of the rods exhibit hexagonal crosssection, change in the rod diameter (narrowing near the top) in ED-HT rods can be observed. The reasons for the decrease in diameter near the top are not fully clear. However, a previous report of the ZnO nanorods on GaN grown by a hydrothermal method has also shown relatively low density of the nanorods, and gradual decrease of nanorod diameter towards the tip [3] . The ZnO nanorods grown by different solution-based procedures have been used to fabricate the p-GaN/n-ZnO heterojunction LEDs. The device diagram and schematic energy band diagram are shown in Fig. 2 , while the I-V and C-V curves are shown in Fig. 3 . The inset of Fig. 3a shows that ohmic contacts to p-GaN have been achieved. Figure 3b shows that ohmic contacts to ZnO nanorods (with SOG) have been achieved, which indicates that the coverage of SOG on the top of the nanorod for optimal spin-coating conditions is negligible (otherwise rectifying I-V curve would be obtained). In addition, the devices are lighting up uniformly over a defined device area (under Ag contact), which confirms the quality of the devices. Poor contact quality or light emission from direct injection of carriers into the GaN layer results in devices lighting up at the contact edge, rather than uniformly under the Ag contact to ZnO. Contact problems can also result in a spotty instead of uniform emission.
Results and discussion
The PL and EL spectra of the devices under forward and reverse bias, as well as representative device photos, are shown in Fig. 4 . PL spectra of all devices are similar, with the emission spectrum dominated by a blue emission peak from p-GaN layer centered at ∼440 nm. There is a weak orange emission (stronger for AD-HT sample, compared to ED-HT and ED samples), which originates from the defects in ZnO [1, 28, 31] . To observe the emission from ZnO in more detail, ZnO nanorods on ITO/quartz have [1, 28, 31] . Although its exact origin has not been conclusively established, it was attributed to defect complexes and it was found to be related to the presence of adsorbates, such as OH groups, on the rod surface [31] . Explanations proposed to explain orange luminescence also include oxygen interstitials, since this emission is reduced by annealing in vacuum or hydrogen/argon gas mixture [28] . However, it should be noted that GaN also exhibits defect emissions (yellow and red) in a similar spectral range [32, 33] . Yellow defect emission in GaN has been attributed to transitions from conduction band or a shallow donor to a deep acceptor [32, 33] . In this case as well the exact identity of the acceptor has not been conclusively established, but there is evidence indicating that this acceptor defect is likely a gallium vacancy [33] . This emission band is usually suppressed in p-GaN [33] , and in agreement with that in Fig. 4a we can observe that yellow emission from the GaN substrate is negligible when excited from p-GaN side and prominent when excited from substrate/n-GaN side. Red luminescence band (1.5-2.0 eV) is less common than yellow emission and several different defects could possibly contribute to this emission band [33] . In heavily Mg doped pGaN, red emission band can occur due to deep donor-deep acceptor transition [33] . It was also proposed that red emission bands originate from near-surface region, and that the yellow band is also enhanced near the surface compared to the bulk [32] .
In addition to similarities in the optical properties of devices with different ZnO nanorods, there are also similarities in the shape of the I-V curves (Fig. 3a) . We can observe that I-V curves are non-linear, but the shape of the curves is different from a conventional p-n junction. Previous reports of p-GaN/n-ZnO heterojunctions include good rectifying properties [3, 4, 6, 10, 11] , as well as poor rectification and almost symmetric I-V curves [7-10, 12, 14, 16-19] . Inferior rectification properties have in some cases been attributed to the existence of defects [12] . In our case, the obtained I-V curves are not symmetric and resemble backward diode I-V curves [34] . In a backward diode, tunneling component of the current is dominant in the reverse direction [34] , and such behavior was reported in different heterojunctions [35, 36] . This situation can occur when one side of the junction is more heavily doped [34] . Carrier concentration in ZnO nanorods grown by solution methods is usually rather high, of the order ∼10 19 cm −3 for electrodeposited nanorods [37] and ∼10 18 cm −3 for hydrothermally grown nanorods [38] . In agreement with that, both HT samples exhibit smaller current for the same bias voltage compared to ED sample. However, for both growth methods the electron concentration in undoped ZnO could be higher than the hole concentration in p-GaN layer, which is typically of the order 10 17 cm −3 . Therefore, such situation could occur in GaN/ZnO heterojunctions and account for behavior observed in our work, as well as previous reports [13, 18, 20, 23] . Also, backward diode characteristics occurs when energy band alignment across the interface favors tunneling, and this is consistent with expected energy level alignment at GaN/ZnO interface and observed EL behavior [13, 18, 20] .
C-V curves of the devices (Fig. 3c ) exhibit fewer similarities among each other compared to the I-V curves. The differences in the obtained capacitance values are likely due to differences in rod density and rod length for different methods in addition to differences in their charge transport properties. However, we can also observe differences in the shape of the C-V curves, and the shape of the curves is dependent on the distribution of the interface states [39] . Changes in the slope of C-V curves observed in some of the devices (ED) could occur both from carrier concentration changes as well as abrupt changes in the rod diameter. From the C-V curves shown in Fig. 3c , we can conclude that in all devices there are likely significant trapped charges at the interface. Large charge density at a GaN/ZnO interface is expected to result in a large band offset [40] . While small offsets of E c = 0.12 eV and E v = 0.15 eV based on Anderson model has been proposed [5, 7, 15] , more comprehensive calculations predict significant band offsets, from 1.0 to 2.2 eV, with larger offsets in presence of interface charges [41] . Experimental findings also confirm relatively large band offsets, E v = 0.4-0.5 [42] , and E v = 0.8 [43] , and E c = 0.5-0.6 eV [42] . The offsets were found to be dependent on the growth conditions [42] , as well as the polarity of ZnO [43] . In all cases, type II energy band alignment is obtained, as illustrated in Fig. 2b . It should also be noted that large energy band offset would favor tunneling, which is consistent with observed backward diode behavior.
Due to variations in native defects and trapped charges for different seed layers/fabrication conditions, the differences in GaN/ZnO interface energy band alignments are expected to occur. This is expected to result in differences in carrier recombination and consequently different emission spectra. It should also be noted that while the lattice mismatch (∼1.8%) [5] between GaN and ZnO is considered relatively low, in heterojunctions with lattice mismatch >1% interface states dominate the current flow mechanisms [44] . We have indeed observed considerable differences in the emission spectra of the devices. All the devices light up under both forward and reverse bias, but at different bias voltages. Obtained turn-on voltages, defined as observation of light emission by naked eye, are comparable [13, 15] or lower [2, 3] than previously reported values. The turn-on voltage for AD-HT device was 4 V in reverse bias, 10 V in forward bias (forward bias turn-on voltage and dominant violet-blue emission were similar to that previously reported for hydrothermally grown ZnO nanorods [3] ). For ED and ED-HT devices, turn-on voltages were 5.5-6 V under reverse bias, and ∼30 V under forward bias. Lighting up under both forward and reverse bias has been previously observed in other heterojunctions, such as ZnO/p-Si [45] and p-Si/AlN [46] in addition to ZnO/GaN based heterojunctions [18] [19] [20] 23] . While in ZnO/ZnO:SiO 2 /GaN devices UV emission (373 nm) under reverse bias appeared due to impact ionization at reverse breakdown bias [19] , and blue emission in p-Si/AlN junctions was attributed to carrier injection from metal contact into deep levels in AlN [46] , in other cases light emission under reverse bias was attributed to tunneling [13, 18, 20, 45] . Thus, the emission under reverse bias is likely due to tunneling across the heterojunction which occurs in the case of large band offsets [13, 18, 20] , and which is consistent with the observed backward diode behavior [34] and the indications of significant trapped charges in C-V curves.
The emission spectra from the devices were different under forward and reverse bias, in agreement with previous reports [18, 20] . We have obtained violet (ED), blueviolet (AD-HT) and yellow (with small violet contribution, ED-HT) emission under forward bias, and yellow (ED, ED-HT) and violet (AD-HT) emissions under reverse bias. Blue-violet emission, believed to predominantly originate from recombination in p-GaN layer, with a weak contribution from ZnO defect emission under forward bias was previously reported for hydrothermally grown ZnO nanowires [3] . Yellow emission peak was previously attributed to defects in ZnO [13] and lattice defects in GaN [21, 22, 24] . Considering the fact that yellow emission under reverse bias was also observed in devices which exhibited green defect emission PL from ZnO [23] , it is possible that yellow emission indeed originates either from GaN or the interface between GaN and ZnO. Since the yellow emission in GaN exhibits higher intensity in near-surface region [32] , the interface between the two materials is expected to have higher defect concentration. The origin of the violet emission centered around 400 nm is less clear since there are no corresponding peaks in the PL spectra of both p-GaN and ZnO. Therefore, this emission could originate from interface recombination, since EL occurs in the region near the interface while PL is probing the region within optical penetration depth from the surface.
In addition to differences in the emission spectra of different devices, they also exhibit different behavior with increasing bias voltage. While there is no change in peak positions in ED and ED-HT devices, for AD-HT devices we observed small blue shift with increasing forward bias voltage, while for reverse bias the emission spectra change from dominant yellow emission (4 V), over spectra with increasing violet-blue component (6 V) to spectra with dominant violet-blue component (10 V, 12 V), as shown in Fig. 4d and similar to previously reported results [13] . Differences in the dependence of the emission spectra on bias voltage compared to previous work [20] are likely due to different p-GaN substrate used.
Thus, the seed layer and growth method mainly affect the nanorod morphology and density and ZnO/GaN interface properties. PL spectra of all the nanorods exhibited orange and UV emissions, with similar UV-to-visible emission ratios. Ratio of UV-to-visible emission is frequently used as an indicator of sample quality and defect concentrations [1] . While this ratio is dependent on the measurement parameters, such as excitation density and area, for measurements performed under identical conditions it can be used for comparison of the quality of different samples [1] . Therefore, since all the nanorods exhibit similar UV-to-visible emission ratios, they likely have similar crystal quality.
However, the emission spectra of the devices exhibited significant differences. Since the recombination processes in GaN/ZnO heterojunctions are expected to be significantly affected by the interface [44] , differences in the EL spectra indicate differences in the interface states for ZnO preparation methods used. The fact that ED and ED-HT samples exhibit similar I-V curves and electroluminescence further indicates that the fabrication method has significant influence on the interface quality and existence of interface states (since in both samples electrodeposition was used). Thus, the emission spectrum of GaN/ZnO heterojunctions can be controlled by changing the seed layer for nanorod growth and thus affecting energy band alignment across the interface. Since large band offsets are expected for this materials system and both materials can exhibit a variety of defect states, a wide range of observed device behaviors is possible, which can account for a large variety of device performance reports for GaN/ZnO LEDs.
Conclusions
In summary, we fabricated p-GaN/n-ZnO nanorod LEDs which exhibited low turn-on voltages under reverse bias.
The light emission was observed under both forward and reverse biases. The emission color (violet, blue, yellow) could be changed by changing the seed layer and/or growth method for the ZnO nanorods. Observed variations for devices with different nanorods were attributed to the differences in interface states and the energy band alignment across GaN/ZnO interface.
